Abstract. We previously set a three-cell-type coculture system in which neurons and astrocytes synergistically induce brain capillary endothelial cells to form a monolayer with permeability properties resembling those of the physiological blood-brain barrier. Moreover, we recently found that neurons produce fibroblast growth factor-2 and vascular endothelial growth factor and secrete them at least in part by shedding extracellular vesicles. In this study, on the basis of immunofluorescence, scanner electron microscopy and Western blot analyses, we concluded that also astrocytes in culture shed extracellular vesicles that contain the same angiogenic factors, as well as ß1-integrin, a membrane protein that is considered a marker of shedding. Vesicles released by astrocytes are smaller than the ones produced by neurons and have an average size of 150-500 nm.
Introduction
We previously found that neurons and astrocytes cooperate in controlling occludin expression and permeability in brain capillary endothelial cells (BCECs), in a three-cell-type in vitro model of the blood-brain barrier (BBB) (1) (2) (3) . Since in this culture system physical contacts among the different cell types are not allowed, it is likely that neurons and astrocytes affect endothelial cells by releasing soluble factors. In support of this hypothesis it should be noted that other authors have reported that, in vivo, astrocytes not only form direct contacts with BCECs through astrocyte feet but also release soluble factors, such as basic fibroblast growth factor (bFGF or FGF-2) and vascular endothelial growth factor (VEGF) (4) , which find receptors on BCECs. FGF-2 is a protein that lacks a standard signal sequence and cannot be sorted to the endoplasmic reticulum (5) . It has been reported to be secreted by tumor cells through an unusual way, which involves shedding of extracellular vesicles from the plasma membrane (5) . FGF-2 is a potent inducer of blood vessel formation (angiogenesis), with a fundamental role in the development and differentiation of various tissues (6, 7) , including the nervous system (7) . In addition to a main polypeptide of 18 kDa, other FGF-2 isoforms have been described, ranging in size from 22 to 34 kDa (7) .
VEGF, another factor with well-known actions on endothelial cells, has also been reported to be associated with extracellular vesicles released by tumor cells (5, 8) . VEGF exists as a homodimer of isoforms of different sizes (i.e. 121, 145, 165, 189, 206), derived from alternative splicing of the same primary transcript (9) . In addition to these smaller forms, a larger isoform, with an N-terminal extension of 200 amino acids and an apparent mass of 45 kDa has been described in the human and the mouse (10, 11) .
As it has been recently found that some glial tumor cells (oligodendroglioma cells) (12) as well as primary neurons in culture (13) are able to release extracellular vesicles, we investigated the possibility that astrocytes can do the same. We found that indeed astrocytes produce extracellular structures that contain FGF-2 and VEGF, together with ß1-integrin, a membrane protein reported by other authors (see, for example: 14) to be a component of a heterogeneous population of large extracellular vesicles, ranging in size from 100-1000 nm called microvesicles (MVs). (16) . After 24 h of incubation, conditioned medium was collected and centrifuged to obtain vesicles, as previously described (13, 17) . Briefly, media were centrifuged at 2000 x g for 10 min and 4000 x g for 15 min. The last supernatant was finally centrifuged at 105,000 x g for 90 min. Pelleted vesicles were re-suspended in PBS. In certain experiments, BSA-containing medium was withdrawn and substituted with BSA-free fresh medium, and after 3 h of incubation, the medium was collected and vesicles were prepared as described above. Finally, after 10 days of culture, astrocytes were lysed to obtain total cell proteins.
Materials and methods

Animals
Western blot analyses. Astrocytes were homogenized in homogenization buffer (0.32 M sucrose; 50 mM sodium phosphate buffer, pH 6.5; 50 mM KCl; 0.5 mM spermine; 0.15 mM spermidine; 2 mM EDTA; and 0.15 mM EGTA), containing the protease inhibitors aprotinin (2 μg/ml), antipain (2 μg/ml), leupeptin (2 μg/ml), pepstatin A (2 μg/ ml), benzamidine (1.0 mM), and phenylmethylsulfonyl fluoride (1.0 mM) (all from Sigma-Aldrich, MO, USA). Proteins (20 μg of total cell extracts) were separated by electrophoresis on denaturing 15% polyacrylamide slab gels (SDS-PAGE), immunoblotted on PVDF membrane (Immobilon P, Millipore, MA, USA) and immunostained with rabbit polyclonal anti-human VEGF antibodies or rabbit polyclonal anti-FGF-2 (both from Santa Cruz, CA, USA).
Scanner electron microscopy (SEM).
Astrocytes were cultured on coverslips for 10 days in MM. Cells were rinsed with PBS at 37˚C and fixed with 4% glutaraldehyde in MM for 10 min. After rinsing with MM, cells were dehydrated by a series of washes in acetone/water at increasing percentages of acetone (15, 30, 50 , 75 and 100%; 3 min each). Coverslips were finally dried in air, coated with gold and examined with a Philips 505 scanner electron microscope.
Immunofluorescence. Astrocytes were cultured on coverslips for 10 days, fixed with 96% ethanol on ice for 10 min and permeabilized for 5 min with 0.1% Triton X-100 in PBS. Cells were finally incubated with: i) rabbit polyclonal antihuman VEGF antibodies, ii) rabbit polyclonal anti-FGF-2 antibodies, iii) goat anti-integrin ß1 (Santa Cruz, CA, USA) antibodies; or iv) polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) antibodies (Sigma-Aldrich, MO, USA). The secondary antibodies were anti-rabbit or anti-goat IgGs, conjugated to rodhamine or to fluoresceine (Promega Corp., WI, USA). Astrocytes were observed with an Olympus Fluoview FV300 confocal microscope, equipped with two laser multipliers. In some cases, cells prepared as described were finally stained for DNA by treating with Vectashield mounting medium for fluorescence containing 4',6-diamino-2-phenylindole (Vector Laboratories, Youngstown, OH, USA), and observed with an Olympus BX-50 microscope (Olympus Italia S.r.l., Segrate, Italy) equipped with a Vario Cam B/W camera (Nikon Instruments S.p.A., Calenzano, Italy).
Results
Tumor cells of glial origin were recently shown to release extracellular vesicles that contain the FAS ligand and induce apoptosis in rat cortical neurons in culture (12) . We also found that neurons themselves can shed large extracellular vesicles that contain angiogenic factors such as FGF-2 and VEGF (13) . As neurons and astrocytes were found to regulate, even in the absence of direct cell-to-cell contacts, the ability of endothelial cells in culture to form a monolayer with BBB properties, we attempted to ascertain whether astrocytes are also able to release angiogenic factors by shedding extracellular vesicles.
When we centrifuged the medium in which astrocytes had been cultured, we indeed obtained a 'vesicular' fraction that contained two proteins (~45 and 22 kDa, respectively) immunostained by anti-VEGF (Fig. 1A, lane c) . These proteins seemed to be present in higher amounts in astrocyte total lysates. In the vesicular fraction, some proteins were also present that could be stained by anti-FGF-2 antibodies ( Fig. 1A, lanes b * and c * ). In particular, a series of bands, ranging in size from 21-43 kDa, were evident. To note, in the case of FGF-2, some of the immunostained proteins were barely visible in the total astrocyte lysates (Fig. 1A, lane a  * ) , where other proteins were instead stained at a higher level: two main bands of 34 and 36 kDa, respectively, and a group of three faint bands with apparent masses of ~18-22 kDa. In addition, in the vesicle fractions purified from complete Maat medium, which contained albumin, it was difficult to obtain a clear profile of reacting proteins by Western blot analysis (Fig. 1A, lanes b and b  * ) . On the other hand, when BSAcontaining medium was withdrawn and substituted with BSA-free fresh medium 3 h before collecting vesicles, Western blot analysis gave clearer results (Fig. 1A, lanes c  and c  * ) . Staining of the membranes by Ponceau Red (not shown) revealed that the 'vesicular' fraction also contained albumin, possibly absorbed to lipid components of vesicles; the presence of albumin caused a relative dilution of the other proteins present in the vesicular fraction. The fact that astrocytes produce extracellular structures was also demonstrated by scanner electron microscopy (Fig. 1B) , where vesicles of ~150-500 nm were clearly visible. On average, the vesicles produced are smaller than the ones released by neurons (400-2000 nm) (13) , but are still in the size class of MVs. However, an enlarged view of the vesicles (Fig. 1Bb) showed that some very minute structures were also present in the vesicular population. Thus, it is possible that exosomes were also produced.
Once we proved that astrocytes released extracellular vesicles that seemed to contain VEGF as well as FGF-2, we investigated for localization of membrane domains involved in shedding by confocal microscopy. Fig. 2 shows results of analyses in which astrocytes were stained with anti-VEGF antibodies and with antibodies directed against either the astrocyte-specific intermediate filament protein GFAP (A) or the membrane protein ß1-integrin (B). Although a diffused intracellular red staining was observed (Fig. 2A, lane b and Fig. 2Bb ), red spots were in particular visible at the level of small round structures, some of which had an astrocyte footlike appearance (Fig. 2Aa * -c * ), while others could be interpreted as extracellular vesicles stained for both ß1-integrin and VEGF (Fig. 2Bc, yellow fluorescence) . In most cases, the extracellular membranous structures formed a crown around a central position of the cells, probably over the putative position of the nucleus (Fig. 2B , structures indicated by arrows).
Other cells were immunostained for FGF-2 (Fig. 3) . Extracellular membranous structures, which contained both ß1-integrin and FGF-2, were clearly visible. Since we recently found that extracellular vesicles produced by neurons are not stained by the DNA-specific dye DAPI, and that this property seems to distinguish them from apoptotic bodies (13), we stained astrocytes with DAPI as well. As shown in Fig. 3d , vesicles were not stained.
Discussion
We previously demonstrated that neurons and astrocytes control the ability of brain capillary endothelial cells to form in culture a barrier with permeability properties resembling those of the physiological BBB (1,2,18,19) . Since in the three-cell-type culture system used physical contacts among the different cell types are not allowed, it is likely that the effects discovered were not based on direct cell-to-cell contacts. Therefore, we investigated the possibility that either neurons and/or astrocytes produce extracellular factors responsible for the observed effects. We looked in particular for the angiogenic proteins FGF-2 and VEGF and investigated the possibility that these factors are released by extracellular vesicle shedding. On the basis of different techniques, this study allows us to conclude that astrocytes shed extracellular vesicles of different sizes, from ~150-500 nm. These dimensions, together with the fact that vesicles contained ß1-integrin, suggest that they can be classified as MVs. The population of extracellular structures is, however, heterogeneous and we cannot exclude, at the moment, that exosomes can be also produced. We also report that the extracellular vesicles shed by astrocytes, similar to those shed by neurons (13) , contained the angiogenic factors VEGF and FGF-2. In more detail, the Western blot analyses indicated that vesicles contained two main VEGF isoforms (~45 and 22 kDa, respectively). The situation concerning FGF-2 was more complex. In this case, we observed a series of bands, ranging in size from 21 to 43 kDa, some of which were barely visible in the total astrocyte lysates (Fig. 1A, lane a  * ) . On the other hand, in the total cell lysates, two main bands of 34 and 36 kDa, respectively, and a group of three faint bands with apparent masses of ~18-22 kDa were intensively stained. Thus, for particular reasons, only certain FGF-2 isoforms were sorted to vesicles, while the others remained in the cell, where perhaps they have different functions that, according to previous reports, might involve nuclear localization (7) . To note, the pattern of VEGF-and FGF-2-like bands, observed in astrocytes, only in part overlap that observed in neurons (13) , confirming the possibility that different isoforms might have different functions.
We also report that for vesicles purified from complete Maat medium, somehow albumin hampered the observation of less represented proteins in the Western blot analysis (Fig. 1A, lanes b and b  * ) . When, indeed, cells were cultured with BSA-free fresh medium for 3 h before collecting vesicles, Western blot analyses gave clearer results (Fig. 1A,  lanes c and c  * ) . This study showed that astrocytes, like neurons (13), use a novel mechanism to release factors that contribute to brain cell differentiation and function. This mechanism, first discovered in tumor cells, has been recently suggested, on the basis of many lines of evidence, to constitute a general route of cell to cell communications (20) (21) (22) .
Notably, in the case of astrocytes, it seems that the release of extracellular vesicles involves, at least in part, cell domains that could be interpreted as astrocytic feet. This finding might shed new light on the functions of these unique astrocyte structures. We are now investigating what occurs when vesicles produced by neurons or astrocytes are added to other brain cell cultures.
